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INTRODUCTION
P2X receptors (P2XRs) are a superfamily of cation-permeable ligand-gated ion channels (LGICs) activated by synaptically released extracellular adenosine 5'-triphosphate (ATP).
P2XRs are ubiquitous in mammalian organisms and are expressed in virtually all types of tissues (Khakh, 2001; Rubio and Soto, 2001; North, 2002) . ATP induces non-selective cationic currents through homo-and heteromeric channels formed by seven P2X1-P2X7 subunits (Torres et al., 1999; North, 2002) . P2X subunits consist of two transmembrane (TM) domains connected by a large extracellular domain (ectodomain) (North, 2002; Burnstock, 2008) .
Recent crystallographic investigations confirmed that P2XRs have a trimeric structure with a large rigid ectodomain and an alpha-helical segment (TM2) lining the pore (Kawate et al., 2009 ).
P2XRs are becoming a focus of investigation in ethanol studies due to the building evidence suggesting that P2XRs are important mediators of ethanol-induced effects Davies et al., 2006; Asatryan et al., 2008; Tabakoff et al., 2009 ). ATP-gated currents are inhibited by ethanol at intoxicating and anesthetic concentrations when measured in P2X2 and P2X4Rs expressed in Xenopus oocytes Davies et al., 2002; Davies et al., 2005) , whereas ATP-gated currents are potentiated by ethanol in P2X3Rs (Davies et al., 2005) . Moreover, recent preliminary investigations find that ethanol inhibits ATP-gated currents of P2X7Rs expressed in oocytes.
The P2X4 subtype is the most abundant P2XR subtype expressed in the CNS (Buell et al., 1996; Soto et al., 1996) . Moreover, P2X4Rs are the most ethanol sensitive P2XR identified to date; in oocyte expression system ethanol inhibits P2X4R currents starting at concentrations below 10 mM (Xiong et al., 1999; Xiong et al., 2000; Davies et al., 2002; Xiong et al., 2005; Davies et al., 2005; Popova et al., 2010) . In addition, findings from a recent This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 6, 2011 as DOI: 10.1124/jpet.110.176990 at ASPET Journals on June 3, 2017 jpet.aspetjournals.org Downloaded from JPET # 176990 5 genomic investigation suggest that P2X4Rs may play a role in alcohol intake and preference in rats. Specifically, whole brain expression of the p2rx4 gene in naïve animals was inversely related to innate 24-hour alcohol preference, and P2X4R mRNA expression was decreased in alcohol-preferring rats (Tabakoff et al., 2009) . In support of this notion, we have recently shown that null mutant P2X4 male mice drink significantly more alcohol than their wildtype (WT) littermates (preliminary findings).
Investigations are beginning to shed light on potential sites of ethanol action in P2X4Rs. Previous findings suggested that the ectodomain and the TM-interfaces in P2X4Rs contained targets for ethanol action (Xiong et al., 2005; Yi et al., 2009; Asatryan et al., 2008) .
Additional support for this hypothesis comes from a recent report that mutations at positions 331 or 336 in the ectodomain-TM2 region of P2X4Rs significantly reduced or eliminated the modulatory effects of ethanol .
Less is known regarding the mechanism of ethanol action on P2X4Rs. To date, the majority of electrophysiological investigations exploring the sites and mechanisms of ethanol action on P2XRs have utilized two-electrode voltage clamp on Xenopus oocytes Li et al., 2000; Davies et al., 2002; Davies et al., 2005; Popova et al., 2010) . However, there are some limitations to the use of oocytes for the study of drug effects on ion channels.
The large size of the oocyte and the relatively slow perfusion rates typically used in these studies make it difficult to carry out detailed biophysical characterization of ligand-gated currents.
Whole-cell patch-clamp electrophysiology provides a higher level of resolution and insights into the biophysical properties of the receptor and the mechanism of drug-receptor interaction. However, at this time, few studies have used this approach to investigate the effects of ethanol on P2XRs. The work that is available has focused on mouse hippocampal and bullfrog DRG neurons Li et al., 1998) . These early neuronal studies found that ATP-gated currents were inhibited by ethanol in a concentration dependent manner and that ethanol affected the rate of deactivation of the currents. Moreover, the authors of the latter study suggested that ethanol acted by altering the affinity of ATP. Overall, the findings from these initial patch-clamp studies were consistent with findings reported in oocytes Li et al., 2000; Davies et al., 2002; Davies et al., 2005; Popova et al., 2010) .
The current study represents the first comprehensive investigation that focuses on the mechanism of ethanol action on P2X4Rs expressed in a mammalian cell system using wholecell patch-clamp technique combined with a mutagenesis approach. We found that ethanol inhibits channel gating by affecting the functioning of the receptor around residues D331 and M336 that are thought to play a role in P2X4R gating. To gain insight into the physiological consequences stemming from ethanol effects on P2XRs, we overexpressed P2X4R in cultured rat hippocampal neurons using a recombinant lentiviral system. Investigations on these neurons revealed a similar degree and pattern of ethanol inhibition as compared to those of transfected HEK293 cells. Overall, the results provide key insights into the biophysical properties of P2X4Rs and new knowledge regarding the mechanism of ethanolreceptor interaction. 
RESULTS
Ethanol inhibits P2X4Rs expressed in HEK293 cells
In the first investigation, ethanol (100 mM) significantly inhibited 3 µM ATP (~EC 30 ) currents to 59.8±3.2% of control with full recovery to 93.6±7.3% upon washout (Fig. 1A,B ).
Ethanol applied in the absence of ATP did not significantly alter baseline current (data not shown). To gain insight into the mechanism of ethanol action, we next conducted ATP concentration response studies in the presence and absence of 100 mM ethanol. As shown in Fig. 1C , ATP elicited a robust current in a concentration-dependent manner with EC 50 =7.5 µM, and a Hill coefficient =0.9. This finding agrees with previous published studies in oocytes and HEK293 cells Jelinkova et al., 2006; Popova et al., 2010 ). Coapplication of 100 mM ethanol with ATP resulted in the ATP concentration-response curve with EC 50 =9.2 µM, Hill coefficient =1.0. Interestingly, the degree of ethanol inhibition was not significantly different when tested at lower versus higher concentrations (e.g., 1 µM vs 100 µM ATP, Fig. 1D ). Due to the lack of concentration dependence, we elected to use 3 µM ATP for the remainder of our experiments because it yielded reasonable amplitudes of ATPcurrents without causing appreciable desensitization (when application was not prolonged), and these currents were reliably inhibited by 100 mM ethanol. The lack of an obvious ATP EC dependence differed with previous work on P2X4Rs when expressed in oocytes where exposure to 100 µM ATP surmounted the ethanol effect to a greater extent than at lower concentrations of ATP Davies et al., 2005; Popova et al., 2010) .
Interestingly, in the first studies, a consistent and significant "rebound" of the ATPgated currents at the end of the ethanol/ATP applications appeared to occur (Fig. 1A , arrow).
That is, at the termination of ethanol/ATP application there was a reduction in the degree of ethanol inhibition (shifting from approximately 60% of the control ATP current back to 80.0±5.0%, Fig. 1B ). This effect was more visible when cells were in a lifted-up mode. We reasoned that the rebound was likely due to ethanol washing off faster than ATP, resulting in an immediate relief from the inhibition. To test this notion, we next varied the timing and order of ethanol and ATP exposures using a 3-barrel flowpipe.
The onset and offset of ethanol effect on P2X4R channels is rapid
As illustrated in Fig. 2A , in the presence of ATP, ethanol inhibition of P2X4R currents and washout was rapid with rates of onset comparable to the rates of solution exchange (~10 to 100 ms depending on lifted or attached cell mode). When applied with a delay to allow full channel opening, ethanol continued to caused inhibition of the ATP-gated current to the similar degree as when using a simultaneous co-application protocol ( Fig. 2A,B and Fig.   1A ,B). In addition, simultaneous termination of both ethanol and ATP application resulted in a similar "rebound" as previously noted ( Fig. 2A, right tracing) . Comparison of the two traces shown in Fig. 2A , illustrates that the maximum point of the rebound is similar in magnitude to the level of the ATP-activated currents at this time point when tested in the absence of ethanol. This finding adds support to the hypothesis that the rebound is a result of faster ethanol washing out compared to ATP.
To further test this hypothesis, we changed the order of ethanol and increased the time of ethanol and ATP application. Changing the order of drug application did not affect the magnitude or the duration of the ethanol effect (Fig. 2C) . However, continued application of ATP following termination of ethanol application resulted in ATP currents that were similar in magnitude as compared to that of the control after the rebound ( applicable) between the three protocols did not reveal any significant differences (Fig. 1B and 2B, D) . Taken together, the findings support the hypothesis that the observed "rebound" is due to ethanol rapidly washing out from the receptor before ATP unbinding. Moreover, the experiments demonstrated that the time frame of our solution exchange was sufficient to allow equilibration of ethanol at its site of action. Overall, our results suggest that the effects of ethanol, as measured in P2X4Rs, are attributable to ethanol acting as a fast channel inhibitor.
Ethanol affects P2X4R channels in open state
We next investigated whether the effects of ethanol are use-dependent by comparing the degree of ethanol-induced inhibition using several different drug application protocols ( Noteworthy, leaving ethanol in the buffer while washing out ATP resulted in the absence of the rebound (Fig. 3A , third trace; 3C). This observation provides additional support for the hypothesis that ethanol interacts with the channel faster than ATP.
Extending our investigation to gain further insight into the mechanism of ethanol inhibition, we performed a series of multiple applications of ethanol in the presence of ATP.
As shown in Fig. 3C , there was no significant change in the magnitude of ethanol inhibition from one application of ethanol to the next, confirming that the onset of ethanol action is too fast to resolve the question of use-dependence using multiple applications. As such, we 
Ethanol does not affect kinetics of P2X4R currents
We also investigated the kinetics of current activation and deactivation using different ethanol application protocols. In accordance with previous observations (Li et al., 1998) , ethanol did not change the rate of activation (Fig. 4A,B) . On the other hand, ethanol did not affect the rate of deactivation either (Fig. 4A,C) . These results contrast previous findings in bullfrog DRG neurons demonstrating that 50-100 mM ethanol accelerates channel deactivation (Li et al., 1994; Li et al., 1998) . It should be noted that DRG neurons express different P2X subunits thus allowing for multiple receptor phenotypes (Kobayashi K et al., 2005) . The small but statistically significant difference for deactivation time constant τ off in the In this experiment, we utilized a series of rapid ethanol applications where ethanol was applied during the same ATP pulse at different holding potentials (Fig. 5A,B) .
Ethanol did not shift the reversal potential of ATP currents (~0 mV). There was no effect of ethanol at 0 mV due to the absence of visible current. The inhibitory effect of ethanol on P2X4R currents was voltage independent (Fig. 5C ). This outcome was not surprising given the lack of charge of ethanol molecules. Variability of ethanol effect on cell-to-cell basis averaged from all tested voltages ranged from 55.8 to 74.8% however no significant difference was found (data not shown). Overall, these results are in accordance with earlier investigations of ethanol inhibition of recombinant and native P2XRs .
Residues 331 and 336 in P2X4Rs play a role in channel functioning and ethanol inhibition
Previous investigations found that amino acid substitutions at non-conserved positions 331 (i.e., D331) and 336 (i.e., M336) in P2X4Rs significantly reduced or eliminated the effects of ethanol when tested in Xenopus oocytes using two-electrode voltage clamp . Importantly, these mutations did not appear to be involved in agonist action and did not significantly alter basic receptor function. Mutants were slightly more sensitive to ATP than the WT receptor with EC 50 =3.0 µM, Hill coefficient =1.08 for D331A and EC 50 =5.5 µM, Hill coefficient =0.86 for M336A (Fig. 6B ) but much less sensitive to 100 mM ethanol at ATP concentrations 1 and 3 µM (Fig. 6A,C) . To gain insight into the biophysical changes that the mutations might cause, we tested whether residues D331 and M336 are important for channel operation using 3 µM ATP as the agonist. We found that substituting alanine at either position 331 or 336 did not significantly alter the activation rate of the mutant receptors compared to the WT (Fig. 6D) [τ on for 331A:143±12 ms (n=10), 336A: 165±16 ms (n=10); and WT: 174±18 ms (n=14)]. However, the current deactivation rate, i.e. kinetics of rapid channel closing upon agonist removal was significantly altered in the mutant receptors compared to WT P2X4Rs (Fig. 6E) [τ off for 331A: 485±52 ms (n=10), 336A: 454±65 ms (n=10) and WT:
161±14 ms (n=14)]. Ethanol did not change the kinetic properties of activation and deactivation of the mutants compared to WT receptors (Fig. 6 D,E) . In agreement with our findings in oocytes , current results support the hypothesis that positions 331 and 336 are important for the action of ethanol in P2X4R. Moreover, our new findings suggest that the amino acid residues at positions 331 and 336 play a role in channel functioning.
We continued this line of investigation to determine if mutations at positions 331 and 336, and ethanol have an effect on channel desensitization, i.e. channel closing occurring during prolonged exposure to agonist. ATP 3 µM was applied for 15 s, and decaying currents fit mono-exponentially in the presence and absence of ethanol. As shown, there was not a significant difference in the rate of desensitization between WT and 331A or 336A mutant P2X4Rs [τ des 2586±246% (n=7), 2992±569% (n=6), and 1810±177% (n=6), respectively ( Fig.   7B) ]. This finding suggests that these mutations do not prevent the channel from normal proceeding into the desensitized state (occurring in the continuous presence of agonist). That is, substitution of alanine at either position 331 or 336 did not appear to alter the mechanism of channel desensitization compared to WT P2X4Rs. As expected, we found that the residual deactivation rate occurring after ATP removal still did proceed at a slower rate (Fig. 7A, 
arrows). Inclusion of ethanol in the experimental paradigm did not significantly alter channel
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P2X4Rs overexpressed in rat hippocampal neurons are inhibited by ethanol
To begin investigation of physiological consequences stemming from ethanol effects on P2XRs, we overexpressed P2X4R in E18 cultured rat hippocampal neurons using a recombinant lentiviral system. Pilot studies determined that cultured neurons at this stage (DIV 9-14), expressed negligible levels of functioning P2XRs. Application of 100 µM ATP did not evoke any measureable currents when tested in non-infected neurons (data not shown). 
DISCUSSION
The current study represents the first comprehensive investigation focusing on the mechanism of ethanol action on P2X4Rs expressed/ overexpressed in a mammalian cell system using whole-cell patch-clamp. Importantly, findings from the current investigation and previous studies demonstrate a similar degree of ethanol inhibition in both oocyte and mammalian expression systems (Xiong et al., 1999; Xiong et al., 2000; Davies et al., 2002; Xiong et al., 2005; Davies et al., 2005; Popova et al., 2010) . Our data also support the previous evidence that ethanol directly interacts with P2XRs (Li et al., 1994) . Furthermore, this interaction occurs at concentrations similar to those that modulate other ligand-gated ion channels that are known targets of alcohol action (Mihic et al., 1997; Peoples et al., 1997; Yu D et al., 1996) .
On the other hand, it does not appear that the action of ethanol can be explained by changes in membrane fluidity. Evidence has been presented over the past thirty years that effects of alcohols on membrane lipid order are unable to account for ion channel modulation (e.g., equivalent to a <1° C change in temperature; reviewed in (Franks and Lieb, 1994) and a number of studies support a direct interaction of alcohols with ion channels. For example, alcohol "cutoffs" for P2X or NMDA receptor modulation differ markedly (Li et al., 1994; Peoples and Weight, 1995; Asatryan et al., 2010) . Moreover, mutations in alcohol-sensitive sites of GABA A , glycine, NMDA, nicotinic ACh and P2XRs alter ethanol sensitivity in a manner that is inconsistent with lipid disordering (e.g., (Ren et al., 2003; Mihic et al., 1997; Popova et al., 2010) . Finally, sulfhydryl-containing alcohol analogues directly bind to, and persistently modify, putative sites of action on GABA A and glycine receptors (e.g., (Mascia et al., 2000; Crawford et al., 2007) .
Taken together, the findings suggest that mechanism of ethanol effect on P2X4Rs is 
Ethanol is a rapid inhibitor of P2X4 channel in open state
We explored different possibilities, which could explain inhibitory ethanol action on P2X4Rs: 1) decrease in affinity or efficacy of agonist, i.e. ATP binding or channel gating; 2) stabilization of desensitized state; 3) change in ion permeability; and 4) open-channel block.
An interesting first outcome of the present study was that the magnitude of ethanol inhibition was not dependent on the concentration of ATP tested being similar across a broad range of ATP concentrations (1 -100 µM). In contrast, in previous investigations using oocytes and ATP-sensitive neurons, the action of ethanol was prominent at low ATP concentrations and insignificant at high saturating concentrations of ATP (Xiong et al., 1999; Xiong et al., 2000; Davies et al., 2002; Xiong et al., 2005; Davies et al., 2005; . This scenario contradicts earlier suggestions that the mechanism of ethanol action is a result of an allosteric decrease in ATP affinity, i.e. that interaction with ethanol changes the conformation of the receptor, reshaping the ATP binding site (Li et al., 1998) . Another fact which speaks against the mechanism of a decrease in ATP affinity is that, in this case, the channel deactivation would be accelerated. However, in our experiments τ off (as well as τ on )
did not change under ethanol exposure (Fig. 4) .
Next, the experiments with different application protocols confirmed the idea of a rapid rate of ethanol association/dissociation with its interaction locus. The speed of onset and offset of ethanol effect was comparable with the limits of our perfusion system, i.e. in millisecond range.
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Different offset times of ethanol inhibition at high (100 µM) and low (3 µM) ATP concentration may suggest that action of ethanol is use-dependent. This serves as evidence that ethanol shares some properties of an open channel blocker. On the other hand, ethanol apparently did not stabilize the desensitized state (Fig. 7) and did not change the ion permeability ratio (Fig. 5) . Thus, it is plausible to suggest that the open state of P2X4 channel plays the predominant role for ethanol effects while resting and desensitized states do not support ethanol interaction with the channel.
Such a mode of action is expected from a low affinity modulator with easy access to an interaction locus, possibly through the ion channel pore or the lipid bilayer. We would like to use the data from our rapid ethanol applications to patch-clamped preparations as a means to discriminate between pathways for ethanol entry into P2X4 binding sites from the ion pore versus the lipid bilayer. However, even though we have achieved very rapid kinetics, the equilibration of a small molecule, such as ethanol, with a lipid bilayer is likely to be even faster, in a microsecond range (Trudell and Hubbell, 1976; Xu et al., 1995; Cheng et al., 2008) .
Indeed, the consensus is that there are multiple pathways for entry of ethanol into binding sites in P2X4R and that what we refer to as 'binding' is actually a series of rapid bounces of individual ethanol molecules on and off of putative binding sites or 'interaction pockets'.
D331 and M336 residues participate in P2X4 channel gating and ethanol blocking effect
The current study provided new information regarding changes in receptor function due to mutations that resulted in a decrease of ethanol effectiveness on P2X4Rs expressed in oocytes . In agreement with the oocyte data, the mutations did not mutants along with presumed location of the residues 331 and 336 at the ectodomain-TM2 domain interface suggests that these sites may be located near the P2X4R gate. This notion is strongly supported by recent crystallographic investigations and modeling data (Kawate et al., 2009; Asatryan et al., 2010) . Aligning the sequence of zP2X4 with rat P2X4 (rP2X4) suggests that rat M336 (zebrafish L339-L340) is a welcome door of the gate in the rat orthologue with its large hydrophobic side chain capable of occluding the pore and thus serving a putative function of L340 in zP2X4. Residue D331 (zN334) may serve a similar function of regulating ion flow at the entrance of a channel pathway. Structural data suggest there is an "extracellular vestibule" at the ectodomain-TM2 interface which may concentrate and direct ions into the pore. Notably, a similar mechanism was proposed for ASICs (Jasti et al., 2007) . Residue D331 is apparently located at the very beginning of TM2 domain, thus it is indeed positioned at ectodomain-TM2 interface while M336 is rather positioned at TM2
vestibule-gate interface.
Structural and electrophysiology data could be interpreted as evidence of participation of mutated residues in channel gating or as a consequence of significant difference in sensitivity to agonist. In case of mutations it is often not possible to distinguish between the changes of affinity (i.e. binding) and efficacy (i.e. gating) without single-channel recordings (Colquhoun, 1998) . A change in deactivation would generally indicate a change in agonist binding vs. gating, though both entities are intrinsically interdependent Li et al., 1997b; Li et al., 1997a) . However, altered affinity could also be secondary to changes in gating based on the facts that a) D331 and M336 are not conserved residues which would be expected for the ATP binding site; b) dose-response curves normalized to the peak current do not show a dramatic change in EC 50 though they are slightly shifted to the left and c) the presumed position of these residues in the channel pore, as based on modeling data, is more Based on the findings from the current investigation, it is plausible to propose that ethanol affects P2X4 channel functioning through interaction with residues 331 and 336. Our modeling data also show that it is possible for these residues to be part of the same putative alcohol interaction pocket . However, we cannot distinguish between the possibilities of ethanol direct interaction with D331/M336 residues and ethanol interaction with separate loci, which change channel conformation upon mutations in these positions and render the channel invulnerable to ethanol.
Multiple interaction sites of ethanol in P2XRs
Collectively, our data hint that ethanol may be acting as an open-channel blocker for
P2X4Rs. Additional support to this hypothesis comes from evidence that EtOH action is highly impaired by mutations at positions 331 and 336 which apparently constitute an important part of the channel pore. We cannot resolve the question of mechanism completely without single channel experiments which lie beyond the scope of the present work; however comparison with the well-investigated ethanol action on NMDA receptors also supports the hypothesis of open-channel block. Similarly to our findings, rapid ethanol action on NMDARs was characterized by a non-competitive type of concentration-response curve and lack of effect on deactivation and desensitization (Wirkner et al., 2000; Peoples et al., 1997; Lovinger, 1995; Weight et al., 1991) . However, the effect of ethanol on peak and plateau phases of the current as well as during different application protocols was not in agreement with openchannel block and this was confirmed by single channel experiments (Wright et al., 1996) .
There is also building evidence that amino acids in the extracellular domain may differentially regulate action of ethanol, suggesting that ethanol may also associate with pockets within the extracellular loop (Xiong et al., 2005; Yi et al., 2009) 
. Each of the P2X
This article has not been copyedited and formatted. The final version may differ from this version. between Control and Rebound conditions. Only cells in lifted-up mode were used. Statistics was assessed with repeated measures ANOVA. NR+EtOH/ATP+EtOH 174±17. Significant difference was found only for the pair τ off control and τ off in the presence of ethanol during ethanol pretreatment (P<0.01, Dunnett's multiple comparison test). Currents were elicited by ATP 3 µM (n=6). (Fig. 1 ).
